Keywords: acoustic signals Anurogryllus muticus energy female choice infrared thermography male quality multimodal communication sexual selection thermal cues thoracic temperature increase Insects have been extensively used as model systems to study mating preferences based on variation in acoustic signals. In many species, females perform phonotaxis towards attractive, long-range acoustic signals produced by males, whereas the final mating decision is based on an assessment of additional, multimodal, close-range cues. The production of acoustic signals is costly, because invested energy is inefficiently converted into acoustic power. Here, we investigated whether heat released as a by-product during song generation might serve as an additional cue during mate choice decisions. Males that broadcast highly energetic calling songs increased their thoracic temperature considerably above ambient temperatures. The use of this additional cue would turn the acoustic signal into an inherently bimodal one, indirectly indicating the quality of the sender. To test this hot male hypothesis, we performed trackball and Y-maze experiments with Anurogryllus muticus. For comparison, additional trackball experiments were conducted with Gryllus bimaculatus females. In all paradigms, females of both species showed no evidence of a preference for hot males and, therefore, we conclude that increases in thoracic temperature do not seem to play a role as a multimodal component in mate choice decisions in A. muticus.
associated with temperature increases and the energy invested in song production. Only cricket and katydid males that produce loud, continuous calling songs with high pulse rates and high effective calling rates (¼the product of pulse rate and chirp/trill duty cycle) increase their thoracic temperatures considerably above ambient temperature (Erregger et al., 2017) .
Calling song differences also lead to differences in the costs associated with song production (energy: Gillooly & Ophir, 2010 ; parasites: Lehmann & Lehmann, 2006) . Indeed, the efficiency of sound production is low, since only some of the muscular energy used for calling is translated into the acoustic energy of the call (Forrest, 1991) . Sound efficiency is measured by comparing the amount of energy used during calling and the amount of sound power that must be expended to ultimately produce audible sound. The empirical data reported for insects indicate that the efficiency of sound production ranges only between one and a few per cent (Kavanagh, 1987; Prestwich, 1994) . Based on these data, the major part of the energy (up to 99%) invested in a calling song is lost (i.e. lost through frictional force and heat; Ryan, 1988; Erregger et al., 2017) . If the energetic cost of sound production is high, it is expected to be limited by the physiological capacity of the male, particularly as he produces the repeated, long-lasting elements of acoustic displays (Kotiaho et al., 1998; Mappes, Alatalo, Kotiaho, & Parri, 1996) . Thus, sound signals become additionally informative for females during mate choice scenarios, indicating that only individuals in good condition can expend the energy required for calling (Irschick & Garland, 2001; Zahavi, 1975) . Indeed, results of behavioural studies have shown that females of some cricket species prefer calling songs with longer pulse durations and shorter interpulse intervals, or chirp intervals, which are characterized by their high chirp/trill duty cycle (Gerhardt & Huber, 2002 , Blankers, Hennig, & Gray, 2015 , Hennig, Blankers, & Gray, 2016 .
For those species whose metabolic investments (as measured via their CO 2 production rate) and thoracic temperatures are strongly positively correlated, it is true that the more energy they invest in calling, the hotter they become (Erregger et al., 2017) . Thus, the increase in thoracic temperature could indirectly reflect the energetic investment in song production. Depending on the song type, maximum increases in thoracic temperature of up to 15 C above ambient temperature have been described (Erregger et al., 2017; Heath & Josephson, 1970; Heller, 1986; Stevens & Josephson, 1977) . Some trilling species were found to increase their metabolic costs from 6-to 16-fold while singing over their resting metabolic state (Erregger et al., 2017; Prestwich & Walker, 1981) .
Although acoustic signals are the most conspicuous communication signals in crickets and katydids, additional signals that are perceived in different sensory modalities have been shown to critically influence final mating decisions. After a female has successfully reached a singing male, attracted by long-range acoustic signals, close-range signals (e.g. courtship songs : Alexander, 1961; Zuk et al., 2008; vibrational and chemical signals: Kortet & Hedrick, 2005; Thomas & Simmons, 2009b) and tactile cues allow the receptive female to gain even more information about her potential mating partner. Some of these close-range cues include cuticular hydrocarbons, which are located on the cuticle of most terrestrial arthropods (Blomquist & Bagn eres, 2010) . These contain additional relevant information regarding pairing and mating (Andersson, 1994; Balakrishnan & Pollack, 1997 ; sex recognition: Leonard & Hedrick, 2009; Otte & Cade, 1976; Singer, 1998; Tregenza & Wedell, 1997; species recognition: Mullen, Mendelson, Schal, & Shaw, 2007; Leonard & Hedrick, 2009; kin recognition: Simmons, 1989 kin recognition: Simmons, , 1990 Thomas & Simmons, 2011; quality: Rantala & Kortet, 2003) . Finck and Ronacher (2017) , for example, demonstrated that chemical signals can act as a barrier to prevent hybridization in the grasshopper Chorthippus biguttulus.
To the best of our knowledge, this is the first study that has tested whether increases in thoracic temperature resulting from sound production are used as potential, multimodal, close-range signals during intraspecific communication. Females could evaluate this information through thermoreception, via thermosensitive receptor cells on their antennae (Nishikawa, Yokohari, & Ishibashi, 1985; Schneider & R€ omer, 2016) , a hypothesis that has thus far been unexplored in the context of communication and mate choice. Preliminary recordings of the activity of sensory cells in these sensilla in a katydid species (trilling Mecopoda sp.) in which males also increase their thoracic temperature considerably while singing revealed that they are sensitive to temperature changes (Schneider, Kleineidam, Leitinger & R€ omer, n.d.) . The sensitivity of thermoreceptors in this katydid is similar to that reported for other insects (e.g. Rhodnius prolixus: Zopf et al., 2014) .
The hot male hypothesis predicts that females of ensiferan species in which males increase their thoracic temperature due to calling will be able to assess the quality of males at close range using this additional thermal cue for mate choice decisions. Therefore, the acoustic signal would be an inherently bimodal one, whereby the energy invested in sound production is not wasted but is reliably reflected in the elevated thoracic temperature of a male (Erregger et al., 2017 ). An additional advantage of thermal signals compared to acoustic ones is that they can be perceived and processed by receivers continuously; these signals do not fade away as soon as they are no longer produced and, with them, the information they contain about the sender. The thorax of a previously singing male stays 1e2 C higher than ambient temperature even up to 10 min after the male has stopped signalling (Erregger et al., 2017) . Thus, the males' elevated surface temperatures would still be perceivable and informative for arriving females. Furthermore, particularly in a sequential mate choice situation in which it is difficult for the receiver's sensory system to evaluate differences in the time dimension of the acoustic domain properly (Hartbauer & R€ omer, 2014; Hennig, Heller, & Clemens, 2014) , additional thermal information could be highly informative. Moreover, insects often communicate in choruses that contain many conspecific and heterospecific signallers, which makes it more difficult to attribute relatively costly signals to certain sound sources distributed in space (R€ omer, 2013) .
Along their phonotactic path towards singing males, females may encounter males that either sing or are silent. Some of these silent males represent satellite males, which attempt to intercept females on their way to singing males without incurring any of the personal costs associated with sound production (Cade, 1975; Zuk & Kolluru, 1998) . Another advantage of the thermal cue is that it allows a female cricket in the field to distinguish between males that have been singing for a long period but stopped signalling before the female reached them, as they would still have an increased surface temperature, and mute satellite males that position themselves near singing males, but have (nearly) ambient body temperatures. Hence, perception of thermal cues could allow females to distinguish between males that embark on different signalling strategies, identify satellite males and enhance their own genetic benefits by avoiding mating with these 'cheating' males.
To test this hot male hypothesis and the role of thermal cues during mate choice, we performed behavioural experiments using two different paradigms with females of a trilling cricket species, Anurogryllus muticus, in which males produce loud, continuous song sequences with high pulse rates, high effective calling rates and high trill duty cycles. In A. muticus, song production causes an average increase in thoracic temperature of 5.2 ± 1.2 C above the ambient temperature (Erregger et al., 2017) . As a comparison we used Gryllus bimaculatus, a chirping species for which no such influence of thermal stimuli is expected because males only negligibly increase their thoracic temperature during singing (Toms, Ferguson, & Becker, 1993) .
METHODS

Study Animals
Anurogryllus muticus
Behavioural experiments were primarily performed with A. muticus females. The progeny of individuals caught on Barro Colorado Island in Panama were reared to adulthood at the Department of Zoology at the University of Graz in Austria. Starting with the second or third instar, individuals were separated from the colony and placed in smaller plastic boxes (22 Â 16 cm and 7 cm high). They were entrained to a light-dark cycle with a 12:12 h light:dark period, and fed on cat food, oat flakes, water gel and fresh lettuce ad libitum. The ambient temperature in the breeding room was about 27 C with a relative humidity of ca. 70%. Boxes included paper towels and rolls of paper towels to provide hiding places. The experimental phase started 2 weeks after the individuals experienced their final moult. In addition, 2e5 days prior to the behavioural tests, females were separated acoustically from calling males and exposed to continuous, 24 h light conditions.
Anurogryllus muticus males are nocturnal and produce conspicuous calling songs with mean pulse rates of 141 ± 11 Hz, high trill duty cycles and high effective calling rates (see Fig. 1a ). These calling songs are very loud, reaching an average of 89 dB SPL measured at a distance of 30 cm. In the field, males of this burrowing cricket species sing either in front of their burrow entrance or several metres from it (Erregger & Schmidt, 2018; Walker & Whitesell, 1982) . Females are active for most of the night, searching for potential mating partners (Walker & Whitesell, 1982) .
Gryllus bimaculatus
To compare the thermotactic behaviour of different signalling cricket species, we also performed trackball experiments with G. bimaculatus females. Males of this chirping species do not increase their thoracic temperature during calling and, thus, females were not expected to respond to thermal stimuli associated with the acoustic display. This makes G. bimaculatus ideal for a comparison with potential thermal responses of A. muticus. Virgin females were taken from the colony reared at the Department of Behavioural Physiology at the Humboldt University in Berlin; individuals were treated and tested in the same way as the Anurogryllus females, although only the acoustic and acoustic-thermal experiments were performed sequentially in separate trials.
Ethical Note
The experiments complied with the 'Principles of animal care' given in publication No. 86 23, revised in 1985, from the National Institutes of Health, U.S.A., and with the current laws in Austria. After the tests, all animals were returned to the colony until they died.
Trackball Experiments
Trackball experiments were performed at the Department of Behavioural Physiology at the Humboldt University of Berlin in November 2015 and May 2016 using a trackball system (Dahmen, 1980;  in principle similar to that described in ; Gabel, Gray, & Hennig, 2016) . In short, the trackball was suspended by a constant airstream, and the longitudinal and lateral movements of the trackball resulting from the females' movements were monitored using two optic sensors (ADNS-5050, Avago Technologies, San Jose, CA, U.S.A.) in the horizontal plane. Females were tethered to a metal pin and placed in a natural walking position on top of a hollow Styrofoam ball (1.2e1.8 g with a diameter of 100 mm). To record the trackball rotation, the metal half-sphere was slightly tilted and held in position by two thin metal wheels (Dahmen, 1980) . In this way, it was possible to record the females' walking paths, while the females were free to rotate in the horizontal plane and walk in an open loop system at the same time. The trackball and the instruments used to deliver stimuli were placed in a dark anechoic wooden box (50 Â 50 Â 50 cm).
Acoustic stimuli were delivered via two loudspeakers (Piezo Horn Tweeter, PH8, Conrad Electronics SE, Hirschau, Germany), which were positioned 90 relative to one another and 25 cm from the animal. We used two Peltier-elements (QuickCool QC-31-1.4-3.7 M; 20 Â 20 mm and 4.7 mm high; 3.8 V, 3.7 A, 8.5 W) to simulate the thermal stimuli that originate from a singing male cricket with increased thoracic temperature. The Peltier-elements were also placed at the same angle as the loudspeakers and far enough from the female so that they could not touch the elements with their antennae. This distance was adjusted for each experiment, depending on the individuals' antennae lengths. For choice experiments in which we tested for thermal cue preferences, one Peltier-element was heated to 37.00 ± 1.84 C to simulate the increased thoracic temperature of a hot singing male at the position of thermo-sensitive sensilla on the antennae (mean thoracic temperature increase of 5.2 ± 1.2 C, N ¼ 36; mean peak temperature of 31.8 ± 1.1 C, N ¼ 9; Erregger et al., 2017; see Fig. 1b for a thermogram of a singing male A. muticus). To hold the surface temperature of the Peltier-elements constant during the experimental period, cooling elements were added; thermocouples (NI USB-TC01-J, National Instruments, Austin, TX, U.S.A.) were used to continuously measure the temperature and, if necessary, elements were manually regulated via a laboratory power supply (Basetech BT-153). For the schematic set-up see Fig. 1c .
The walking paths of the females were reconstructed from the x-and y-components that were delivered by the optical sensors. From these data, the walking distance, vector length (of the walking path towards the stimuli) and walking angle were computed (Hennig, 2009; Schul, 1998) . As individual females varied considerably with respect to the accuracy of their angular orientation and walking distances, the respective measures were normalized against an attractive control signal that was presented at the beginning and the end of each experiment. We tested the same stimuli combinations in both species; however, the temporal experimental procedure varied between the species. Behavioural tests with G. bimaculatus females consisted of acoustic tests and tests combining acoustic and thermal stimuli in two separate experiments. Consequently, owing to the length of these experiments not all females completed all experimental tests. Therefore, for G. bimaculatus normalization of data was not possible because not all tests were completed by each individual. For A. muticus, these two experiments were combined and the stimuli were tested one after the other enabling us to test all females in all test situations and thus allowing data normalization.
We evaluated the females' responses in no-choice and choice experiments, confronting them with either acoustic or thermal stimulation alone or combinations of both. Each experiment, comprising six test stimuli and two controls (one presented at the start and one at the end of each series), lasted approximately 21 min, including short breaks between each test, during which no stimulation occurred, to avoid trial-overlapping responses. Females were only tested once a day. After females had been fixed on the trackball, they were acclimatized for 2 min before the experiment series started. The series began with a no-choice control trial that consisted of a continuous calling song broadcast sequentially from either the left or right loudspeaker. Only females that responded to the stimulus by positive phonotactic behaviour were examined in further tests. In a two-choice trial, females were simultaneously confronted with two calling songs with identical parameters. The results of previous experiments with field crickets on trackballs have shown that, under these symmetrical stimulation conditions, females choose a walking direction in between both stimuli (Hedwig & Poulet, 2005) . Thus, if temperature is a relevant cue for integration in the sensory system of these females (i.e. providing support for the hot male hypothesis), we would have observed them shifting their walking direction towards the side from which the thermal stimulus was presented. Therefore, we tested females in two trials with symmetrical acoustic stimulation. In one trial, an additional thermal stimulus was simultaneously presented on either the left or the right side. In the second trial, the females were given a choice between the calling song (presented from one side) and the thermal stimulus (presented from the opposite side). The acoustic and thermal stimuli were also presented on the same side of the females. Furthermore, the thermal stimulus was presented from either the left or right side alone in one test. All stimuli were presented for 45 or 60 s. The final acoustic control trial was conducted to detect changes in the females' motivation levels over the course of the test sessions.
Y-maze Experiments
Y-maze experiments were conducted at the Department of Zoology, University of Graz in Austria with A. muticus only. The principal design of the Y-maze experiments was like that of the trackball experiments, but females were free to move from the point of their release at the end of the long arm of a Y-maze towards the decision point (i.e. the place where the short arms of the maze branch). Acoustic stimuli (attractive, conspecific calling songs) were presented simultaneously from two loudspeakers (NEO 13s, Sinuslive; Kaltenkirchen, Germany) that were located at the end of each short arm of the maze (Fig. 1d) . At the decision point, females were given the choice between two freshly freeze-killed male dummies. One male (the hot male) was heated to ca. 7.5 C (mean absolute temperature 32.9 ± 1.58 C) above the ambient temperature by inserting a wire into the thorax and regulating the temperature via a fine-control power supply (Basetech BT-153); the other male was treated in the same way, but the thoracic temperature was raised only to the ambient temperature. The Y-maze was built out of Plexiglas with 9 cm high walls; the long and short arms were 41 and 13 cm long, respectively. The short arms branched at a respective angle of 90 . Male calling songs were broadcast at 85 dB SPL (measured at the release point, 50 cm away from the loudspeaker) with a stereo power amplifier (NAD C272, NAD Electronics International, Ontario, Canada) and an attenuator (DT PA5, Tucker Davis Technologies, Alachua, FL, U.S.A.) controlled via CoolEdit Pro (Syntrillium, Phoenix, AZ, U.S.A.). Prior to each experiment, females were caught in a plastic vial and placed at the release point at the end of the long arm of the maze. Females were given 5 min to adapt to the environment before the calling song was presented, and the female was then released. Before the experiment began, the female's motivation level was tested in a no-choice acoustic trial in which an attractive male call was broadcast on one side of the maze. Only females that responded with positive phonotaxis were then tested in the two-choice experiments. We concluded that the female had chosen the hot or cool male when she walked to the respective male through one of the arms of the maze. As soon as the female had made her choice, we stopped the experiment, and a second control trial was conducted to check the level of the female's motivation.
If the female did not respond to the presented stimuli, the trial was repeated after 5 min. If a female did not respond within three trials, she was replaced and tested on the following day. We concluded that the female made no decision if she showed phonotactic behaviour but stopped at the decision point and displayed the same level of interest in both dummies (antennating, touching, zigezag walking between both dummies).
All experiments were conducted in the dark at ambient temperatures of 25.40 ± 0.19 C. Each trial was recorded with a video camera (Sony, Handycam, FDR-AX33) using the night shot option.
Statistical Analyses
All statistical analyses were conducted in SigmaPlot 13.0 (Systat Software Inc., Chicago, IL, U.S.A.) using the Wilcoxon signed-rank test, ManneWhitney rank sum test, paired t test, t test and z test for linear statistical data analyses and Watson's U 2 test for circular statistics. If not noted otherwise, mean values are stated with their standard deviation (mean ± SD). The numbers of tested individuals (N) and the total number of tests performed (n) are given.
RESULTS
Trackball Experiments: Anurogryllus muticus
Walking angles
Females tested on a trackball showed a strongly positive phonotactic response to male calling songs. In no-choice controls conducted at the beginning of the experiment, in which an attractive male calling song was broadcast either from the right or the left side of the female's longitudinal axis, individuals walked a mean deviation angle of À0.96 ± 17.26 (N ¼ 16 females, n ¼ 42 trials; see Fig. 2a left) in relation to each of the presented acoustic stimuli. In controls at the end of the experiment their mean walking deviation angle was À5.40 ± 12.20 (N ¼ 16, n ¼ 41; Fig. 2a right) . These results do not differ significantly from those of the first control (Wilcoxon signed-rank test:
Given the choice between two identical calling songs presented from both sides the females maintained an average walking direction between both stimuli (mean deviation angle of 49.32 ± 25.72 ; N ¼ 16, n ¼ 76; Fig. 2b left) . Presenting a thermal stimulus on one side along with symmetrical acoustic stimulation had no significant effect on the walking direction compared to experiments in which the thermal stimulus was lacking. In this bimodal experiment females walked a mean deviation angle of 46.47 ± 18.66 ; N ¼ 16, n ¼ 78 (two-tailed paired t test: t 15 ¼ 0.510, N ¼ 16, P ¼ 0.618; see Fig. 2b right) . The thermal stimulus alone also did not influence the walking direction of females; in these experiments, they walked in random directions with a mean deviation angle of À10.03 ± 66.90 with respect to the thermal stimulus (N ¼ 16, n ¼ 82; Fig. 2c ). When we compared females' responses to the thermal stimulus alone and in test situations in which no stimulus was presented, no significant difference was detected (two-tailed paired t test: t 75 ¼ À1.740, N ¼ 16, P ¼ 0.086; Watson's U 2 0.125 , P > 0.05). When presented with a choice between the thermal stimulus from one side and the acoustic stimulus from the opposite side, females maintained a walking direction that was determined by the acoustic stimulus alone (average walking deviation angle of 2.25 ± 20.79 in relation to the acoustic stimulus; N ¼ 16, n ¼ 36; Fig. 2d right) . This walking direction did not differ from that observed in the acoustic control without the thermal stimulus (two-tailed paired t test: t 15 ¼ 0.428, N ¼ 16, P ¼ 0.675). When the thermal and the acoustic stimulus were presented from the same side females walked a mean deviation angle of À0.13 ± 15.89 (N ¼ 16, n ¼ 35; see Fig. 2d left).
Directedness towards stimuli of different modalities
In the controls at the beginning and end of the experiments, no differences were found regarding the vector length which served as a measure for the directedness of the females' walking paths towards the acoustic stimuli (two-tailed paired t test: t 15 ¼ 1.371, N ¼ 16, n ¼ 43, P ¼ 0.190). When only a thermal stimulus was presented at an angle of 45 to the female's longitudinal axis, the individuals showed a significant reduction in the directedness of their walks (0.48 ± 0.13) compared to controls (acoustic stimulus presented at an angle of 45 ), in which mean values of 0.82 ± 0.08 (two-tailed paired t test: t 15 ¼ À9.781, N ¼ 16, n ¼ 43, P < 0.001) were recorded. Statistical tests revealed no differences in female responses between test situations in which the acoustic and a thermal stimulus were presented (mean: 0.76 ± 0.06; N ¼ 16, n ¼ 43) and the acoustic control (Fig. 2b left; mean: 0.75 ± 0.09;
The results of statistical analyses also revealed no significant differences in the directedness of females between experiments in which an acoustic signal was presented on the opposite side (0.80 ± 0.08; N ¼ 16, n ¼ 43) compared to controls, in which only an acoustic signal was presented on the respective side (two-tailed paired t test: t 15 ¼ À1.419, N ¼ 16, P ¼ 0.176). When both stimuli were presented at the same side females showed a mean directedness of 0.79 ± 0.08 (N ¼ 16, n ¼ 43).
Trackball Experiments: Gryllus bimaculatus
Walking angles
In controls conducted at the beginning of the experiment, G. bimaculatus females walked on average a deviation angle of 0.71 ± 10.72 (N ¼ 38, n ¼ 40; Fig. 2e left) . These values were not different from those observed in the controls conducted at the end of the experiment, in which females walked a mean deviation angle of 2.03 ± 17.17 (N ¼ 38, n ¼ 40; Fig. 2e right; two-tailed paired t test: t 37 ¼ À0.530, N ¼ 38, P ¼ 0.600).
Females of G. bimaculatus oriented themselves between the loudspeakers with an average deviation angle of 48.49 ± 33.90 (N ¼ 28, n ¼ 29) respective to one loudspeaker when attractive male calls were synchronously broadcast from both sides (Fig. 2f  left) . When an additional thermal stimulus was presented on one side in the synchronous acoustic test situation, females walked on average a deviation angle of 63.53 ± 21.46 (N ¼ 12, n ¼ 13; see Fig. 2f right) . We detected no differences between the females' walking angles when comparing the results of these two experiments (two-tailed t test:
When females were exposed to a single thermal stimulus on one side, they walked at a mean deviation angle of 51.37 ± 59.29 (N ¼ 12, n ¼ 13; see Fig. 2g ), which is significantly different from the walking angle the females took when an acoustic stimulus was presented on the same side (ManneWhitney rank sum test:
The mean deviation angle at which females walked when both acoustic and thermal stimuli were presented at the same side was À14.38 ± 14.33 (N ¼ 12, n ¼ 13; Fig. 2h left) . In experiments in which an acoustic stimulus was presented on one side and a thermal stimulus on the opposite side, females significantly oriented themselves towards the calling song with a mean walking deviation angle of 2.32 ± 26.41 with respect to the side with the acoustic stimulation (N ¼ 11, n ¼ 12; Fig. 2h right) . No evidence that females oriented themselves towards the thermal stimulus was found, when compared with acoustic control trials (ManneWhitney rank sum test:
Directedness towards stimuli of different modalities
No differences were detected in the directedness of G. bimaculatus females towards the acoustic stimuli presented in the control at the beginning (0.80 ± 0.09) and at the end of the experiment (0.79 ± 0.11, N ¼ 38, n ¼ 40; Wilcoxon signed-rank test:
We also found no differences in the walking directedness of females in experiments in which either calling songs were synchronously broadcast from both sides alone (0.79 ± 0.10, N ¼ 28, n ¼ 29) or an additional thermal stimulus was presented on one side (0.74 ± 0.11, N ¼ 12, n ¼ 13; ManneWhitney rank sum test: T ¼ 205.5, U ¼ 127.5, N 1 ¼ 12, N 2 ¼ 28, P ¼ 0.238). In experiments in which both an acoustic signal and a thermal stimulus were simultaneously presented, either from the same or opposite side, females displayed a directedness of 0.81 ± 0.15 (N ¼ 12, n ¼ 13) and 0.77 ± 0.15 (N ¼ 12, n ¼ 13), respectively. We found no significant differences in female directedness in trials that included additional thermal stimuli at the opposite site as opposed to the acoustic controls (ManneWhitney Left: a thermal stimulus was presented from the same side as the acoustic stimulus; right: an acoustic and a thermal stimulus were spatially separated by 90 . In (bed), A. muticus directedness data were normalized against the control shown in (a). In (feh), values for directedness in G. bimaculatus were not normalized against controls (e), because different females were used in bimodal (thermal and acoustic) and exclusively acoustic experiments. rank sum test:
The results of statistical analyses revealed significant differences in the directedness of females between experiments in which only a thermal cue was presented on one side (0.62 ± 0.17, N ¼ 12, n ¼ 13) and the controls in which the stimuli were presented on the same side (ManneWhitney rank sum test:
Y-maze Experiments
Ten females were given a choice in 20 trials between a male dummy with an ambient body temperature (25.80 ± 0.54 C) and a male dummy that had been heated to 32.9 ± 1.58 C (N ¼ 10, n ¼ 20). Females preferred the hot male nine times and the male with the nonelevated thoracic temperature 10 times (z test: N ¼ 10, n ¼ 19, P ¼ 0.646; Fig. 3 ). One female did not make a choice and stopped at the decision point.
DISCUSSION
In this study, we tested the hypothesis that a sensory cue in the thermal modality that had previously not been considered might play a role in insect mate choice decisions. We developed the hypothesis based on the finding that the thoracic temperature of acoustically communicating male insects increases considerably when they produce loud, long-lasting calling songs (Heath & Josephson, 1970; Heller, 1986) . Since thoracic temperature is linearly correlated with the amount of energy invested in the signal (Erregger et al., 2017) , females may sense the surface temperature of males to indirectly evaluate the quality of the signaller. Given the general trade-off in allocating limited energy reserves to different traits, only males in good condition can invest much energy in acoustic signals compared to, for example, the immune response and survival Zahavi, 1975) . Females could potentially benefit from including such conditiondependant signals in their mating decisions, because these contain reliable information about the genotypic quality of males (David, Bjorksten, Fowler, & Pomiankowski, 2000; Rowe & Houle, 1996) that could increase genetic benefits gained by reproducing females.
The hot male hypothesis predicts that females belonging to species of which the males do not increase their body temperature during singing, such as G. bimaculatus, would not react to thermal stimuli. Unsurprisingly, G. bimaculatus females exhibited exclusively phonotactic behaviour in all experiments without relying on thermal cues to make their decisions (see Fig. 2eeh ). In contrast, we predicted that females of the A. muticus trilling species would display a preference for increased thoracic temperatures. However, like G. bimaculatus females, we found no evidence that A. muticus females base their mate choice decisions on the increased thoracic temperature of males. They showed no preference for hot males in bimodal choice experiments in which a thermal cue was presented in addition to acoustic signals (see Fig. 2b ).
We found no differences in their maintained walking angle, walking distance or directedness in treatments with and without thermal stimulation. To examine the possibility that the acoustic input in such a behavioural paradigm dominates (overrides) all other sensory cues, we also tested the females' responses to the thermal stimulus alone. Females of both G. bimaculatus and A. muticus walked randomly in this situation and displayed no preference for the thermal cue (see Fig. 2c, g ). The mean direction of the orientation of female A. muticus in Fig. 2c appears to suggest a tendency towards the thermal stimulus. However, circular statistics revealed no significant difference in this test situation compared to those in which no stimulus was given (i.e. random walking).
We adopted the definition of a 'multimodal system' based on the receiver sensory systems used to detect it (Partan & Marler, 1999 Smith & Evans, 2013 ; reviewed by ; Higham & Hebets, 2013) . Mechanoreceptors in the ear perceive the signal in the acoustic modality and, in addition, the thermo-sensory system of the antennae is stimulated. By evaluating the thoracic temperature of a male, females gain additional, although indirect, information about the sound signal via a different sensory modality. Furthermore, since both the acoustic and thermal components of the signal must be produced together, these signals can be referred to as intrinsically multimodal or 'fixed' (Partan & Marler, 2005; Smith, 1977) . Various hypotheses have been suggested for the adaptiveness of processing signals that are important for mate choice decisions through more than one modality, such as the 'back-up' or 'redundant signal hypothesis' (Møller & Pomiankowski, 1993; Partan & Marler, 1999) , the 'multiple message hypothesis' (Møller & Pomiankowski, 1993; Partan & Marler, 1999) and the 'multiple sensory environments hypothesis' (all reviewed by Candolin, 2003) . In A. muticus, the latter hypothesis would have been particularly attractive, because it argues that the detection and assessment of a signal vary with the environmental conditions or distances, so that individuals may use information in one modality over some distances and others at close range. This is clearly the case for the acoustic and thermal modality in A. muticus, since the sound signal is extremely loud, and large detection distances can be expected even under the conditions of strong, excess attenuation encountered in the field (R€ omer, Lang, & Hartbauer, 2010) . In contrast, the thermal stimulus of the hot thorax is available for the female either via direct contact as convective heat or potentially over several centimetres as radiant heat (for a general thermal reference see Campbell, Naik, Sowards, & Stone, 2002 ; see Supplementary Fig. S1 for a thermogram of a singing male in its natural habitat) and, thus, only over short distances. In our experimental set-up, we carefully adjusted the distance of Peltier-elements with reference to the tips of females' antennae before each trial and correctly positioned them according to the individual antenna length. Thus, females could detect temperature changes during the experiment. Therefore, the prerequisite for these experiments (i.e. that females could assess the thoracic temperature of males with reasonable sensitivity and accuracy) was met.
On the trackball, the sensory cues for females do not change during the period of virtual phonotaxis, which is different from a real approach towards a singing male in the field. We, therefore, included the Y-maze paradigm as a second way to test the hot male hypothesis, whereby females approached the acoustic target and, on their way, encountered real male dummies instead of Peltierelements. These male dummies were fixed on wires, with the thoracic temperature of one male increased as in real singing males. The other male's thorax was not manipulated and his body temperature was near ambient. The numerous segments of the antennal flagellum of crickets and katydids are covered with cuticular sensilla, including those closely resembling the previously reported peg-in-pit sensilla (Altner, Tichy, & Altner, 1978; Nishikawa et al., 1985; Schneider & R€ omer, 2016; Yokohari, 1981) . Notably, since these receptors appear to be sensitive to changes in radiant heat, female receivers could detect the temperature of the male thorax not only through direct contact with the body but also via their antenna (i.e. by detecting convective heat; Zopf et al., 2014) . The exact active range of the thermal cue, however, remains to be tested. Based on the radiant heat of a singing Anurogryllus male's thorax, and preliminary data on the sensitivity of a cold cell to radiant heat in the katydid Mecopoda (Schneider, Kleineidam, Leitinger and R€ omer, n.d.) , a maximum detection distance of a few centimetres can be calculated for the cricket. However, in the Y-maze, in which females could touch the male dummies, females did not include the thermal cue in their decision for one of the two, otherwise identical, song models, which were chosen with equal likelihood (see Fig. 3 ).
In most cricket species, multiple sensory signals are involved in mate choice decisions. The results of previous studies have shown that various close-range cues are involved in the final mate choice scenarios. The importance of chemical signals, such as cuticular hydrocarbons, in triggering mating behaviour in crickets has already been described in detail (Rantala & Kortet, 2003; Simmons, Thomas, Simmons, & Zuk, 2013; Thomas & Simmons, 2009a , b, 2011 . Moreover, results of previous studies have shown that chemo-tactile cues also play an important role in eliciting mating behaviour (Balakrishnan & Pollack, 1997; Loher & Rence, 1978; Ryan & Sakaluk, 2009 ). Therefore, females may require an additional, chemical, closerange cue or antennal contact that modulates the responsiveness efficiently. The multimodal communication system is highly complex and not only the occurrence but also the succession of diverse signal combination presentations might be crucial to initiate normal mating behaviour.
Our results show that, at least in the experiments in which we tested A. muticus females, no preference for hot males was displayed, and the females tested did not actively use thermal cues during mate choice scenarios. However, we cannot reject the idea that temperature might play a role in the multimodal communication system of other ensiferan species in a different context than mate choice. Further tests using different experimental approaches that also include chemical stimuli to test for the role of thermal cues in the context of multimodal communication should be conducted. These future investigations could lead to a better understanding of the possible function of an increased thoracic temperature in trilling ensiferans. 
